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FOREWORD 


This  final  technical  report  was  prepared  by  the  Advanced  Technology  Laboratories, 

A  Division  of  American  Radiator  and  Standard  Sanitary  Corporation,  Mountain  View, 
California,  on  Contract  AF  33(657)-8411  for  the  Aeronautical  Research  Laboratories, 
Office  of  Aerospace  Research,  United  States  Air  Force.  The  work  reported  herein  was 
accomplished  on  Task  7063-01,  "Research  in  Heat  Transfer  Phenomena,"  of  Project  7063, 
"Mechanics  of  Flight,"  under  the  technical  cognizance  of  Capt.  T.  Andrada  of  the  Thermo 
Mechanics  Research  Laboratory  of  ARL. 


ABSTRACT 


An  experimental  evaluation  was  made  of  a  dual-element  transducer,  in  which  gas -stream 
temperatures  are  inferred  from  simultaneous  temperature -time  measurements  of  two  trans¬ 
ducers  of  equal  shape  but  unequal  thermal  capacity.  The  major  effort  was  expended  on  measur¬ 
ing  medium-temperature  streams  to  prove  the  feasibility  of  the  concept.  The  accuracy  of  the 
transducer  was  within  ±6%  in  measurements  from  1950  to  2250°F,  which  was  the  best  experi¬ 
mental  accuracy  predicted  by  an  earlier  analysis  of  the  concept.  A  limited  number  of  measure¬ 
ments  were  made  with  the  transducer  directly  in  an  oxyacetylene  flame.  The  indicated  flame 
temperatures  were  4700°F  and  4789°F,  which  agree  within  5%  with  measurements  made  by 
sodium-line-reversal  techniques  for  equivalent  combustion  conditions  in  tests  conducted  at  the 
University  of  California.  In  a  third  series  of  tests,  the  transducer  was  used  to  traverse  a 
2100°F  gas  stream,  and  from  a  single  record  the  temperature  profile  in  the  stream  was  calcu¬ 
lated  within  the  accuracy  to  which  the  true  profile  could  be  established.  It  is  concluded  that  the 
dual-element  transducer  is  feasible  for  all  the  applications  tested.  Recommendations  are  made 
for  continued  improvement. 
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DEFINITION 


surface  area  of  thermocouple  (ft  ) 

constant  in  convection  equation  (dimensionless) 

constant  of  integration 

heat  capacity  of  thermocouple  (Btu/lb-°F) 

diameter  of  thermocouple  (ft;  in. ) 

combined  geometric  and  emissivity  factor  (dimensionless) 
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Reynolds  number  (dimensionless) 

temperature-difference  ratio  =  (t  -  t_)/(t+  -  t)  (dimensionless) 
temperature  (°R),  or  time  constant  (sec;  hr) 
temperature  (°F) 

temperature  derivative  =  dt/dr  (°F/sec) 
velocity  (ft/hr) 
velocity  (ft/sec) 
weight  of  thermocouple  (lb) 
emissivity  (dimensionless) 
temperature  ratio  =  (tg  -  t)/ (tg 
kinematic  viscosity  (ft2/hr) 
Stefan-Boltzmannconstant(Btu/hr-ft"-°Ri) 
time  (sec;  hr) 


tA)  (dimensionless) 

4. 


hollow  thermocouple 

solid  thermocouple 

at  time  (r  +  At) 

at  time  (t  -  At  ) 

convective  heat  transfer 

gas  film  on  thermocouple  surface 

gas  stream 

initial  (at  t  =  0) 

reference  thermocouple 

radiant  heat  transfer 

shield  or  surroundings 
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I.  INTRODUCTION 


This  program  is  the  second  phase  of  an  effort  to  prove  the  feasibility  of  a  novel  concept 
for  measuring  temperatures  in  the  range  5,000  to  10,000°F,  which  are  presently  being  gener¬ 
ated  in  rockets,  arc-heated  plasmas,  and  advanced  propulsion  systems.  Although  knowledge 
of  these  temperatures  is  essential  for  a  complete  evaluation  of  the  characteristics  and  perform¬ 
ance  of  the  systems,  such  temperatures  are  extremely  difficult  to  measure.  Furthermore,  the 
problem  is  usually  magnified  by  the  large  variations  found  in  a  given  stream. 

In  the  dual-element  approach,  the  instantaneous  stream  temperature  is  inferred  from 
simultaneous  temperature -time  measurements  of  two  transducers  of  equal  shape  but  unequal 
thermal  capacity.  Analytical  studies  under  the  previous  contract  indicated  that  the  dual-element 
transducer  is  feasible  and  that  it  should  be  possible  to  provide  accurate  measurements  where 
previously  no  measurements,  or  at  best  only  poor  ones,  could  be  obtained  (ref.  8).  Since 
laboratory  confirmation  in  that  program  was  meager,  more  detailed  experimental  work  was 
undertaken  in  the  present  program  to  prove  the  reliability  of  the  concept. 


Manuscript  released  March  1963  by  the  author  for  publication  as  an  ARL  Technical 
Documentary  Report. 
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II.  DISCUSSION 


PRINCIPLE  OF  THE  DUAL-ELEMENT  TRANSDUCER 
A  Single  Thermoelement  in  a  Gas  Stream 

The  output  of  a  thermal  transducer,  such  as  a  thermocouple  or  a  resistance  thermometer, 
placed  in  a  hot  stream  will  be  a  function  of  the  stream  temperature,  the  thermal  capacity  and 
geometry  of  the  thermoelement,  and  the  rates  of  convective  and  radiant  heat  exchange  between 
the  element  and  its  surroundings.  All  of  these  quantities  may  change  with  time. 

An  instantaneous  heat  balance  on  such  an  element  in  a  subsonic  stream,  as  shown  in 
Figure  1,  yields 

h  A  (t  -  t)  +  h  A  (t  -  t)  =  Wc  dt/dr  .  (1) 

e  g  r  s 

Eq  (1)  can  be  simplified  either  1)  when  the  temperature  of  the  surroundings  follows  the  tempera¬ 
ture  of  the  thermoelement  and  (ts  -  t)  =  0;  or  2)  when  the  temperature  of  the  surroundings  is 
equivalent  to  the  gas  temperature,  tg.  Defining  h  =  hc  +  hr  in  either  case,  Eq  (1)  becomes 

hA  (t^  -  t)  =  Wc  dt/dr  (2) 

If  h  were  known  in  Eq  (2),  it  would  be  possible  to  calculate  tg  from  measured  values  of 
t  and  dt/dr  .  Unfortunately,  h  is  a  complex  function  of  the  flow  on  the  surface  of  the  thermo¬ 
element  and  its  value  can  only  be  estimated. 

The  time  constant  of  the  thermoelement  is  defined  (ref.  1)  as  T  =  Wc/hA. 


The  Dual-Element  Concept 

The  necessity  of  knowing  h  is  eliminated  in  the  dual-element  transducer,  shown  schemati¬ 
cally  in  Figure-2.  Two  thermoelements  of  the  same  outside  diameter  and  area,  A,  given  the 
same  orientation  to  the  gas  stream,  have  the  same  heat-transfer  coefficient,  h.  Their  thermal 
capacities,  however,  differ.  The  elements  in  Figure  2  are  made  of  the  same  materials,  their 
difference  in  capacity  resulting  from  making  one  hollow  and  one  solid.  This  difference  could 
also  be  achieved  by  using  different  materials  for  the  two  thermoelements. 


Writing  Eq  (2)  for  the  two  thermoelements: 
hA  (^  -  y  =  (Wc)1  dt^dT  =  (Wc)^' 

and  hA  (tg  -  y  =  (Wc)2  d^/dr  =  (Wc)2y  . 

Eliminating  hA,  the  common  value, 

«i-K-y  •* 


t  = 
g 


1  -  K 


V 

y 


(4) 

(5) 


(6) 
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THERMOELEMENT  IN  A  GAS  STREAM 


FIGURE  1 


where  K  =  (Wc)j/(Wc)2  =  T1/T2.  It  is  evident  that  instantaneous  values  of  tg  can  be  computed 
from  temperature  records  of  the  two  thermoelements. 

Measurement  of  Temperature  Distributions 

Eq  (4)  and  Eq  (5)  are  instantaneous  functions  for  the  two  thermoelements.  The  general 
result  for  the  gas  temperature,  Eq  (6),  is  thus  equally  applicable  for  computing  a  transient 
temperature  or  a  steady  temperature.  The  first  case  includes  measuring  the  distribution  of 
temperatures  in  a  stream,  where  the  ambient  temperature  of  the  transducer  changes  as  a 
result  of  its  travel  across  the  stream. 

It  is  interesting  to  note  that,  when  the  distribution  of  temperatures  in  the  stream  is  steady, 
it  is  not  necessary  to  pass  the  two  elements  through  the  stream  simultaneously.  It  is  necessary 
only  that  the  response  of  each  sensor  as  a  function  of  position  in  the  stream  be  known,  and  that 
the  sensors  traverse  the  same  path  through  the  stream  at  identical  velocities. 

Additional  Applications 

When  the  stream  velocity  is  greater  than  about  Mach  0.  5,  the  recovery  temperature  begins 
to  deviate  from  the  free-stream  temperature,  tg,  of  the  gas  (ref.  1).  In  other  applications,  it 
may  not  be  possible  to  make  the  simplification  for  radiant  exchange  leading  to  Eq  (2).  It  should 
still  be  possible  to  measure  stream  temperatures  under  these  conditions  using  equations  simi¬ 
lar  to  Eq  (6),  although  these  relationships  will  be  more  complex. 

ACCURACY  OF  THE  DUAL-ELEMENT  TRANSDUCER 

It  was  concluded  from  an  analytical  study  of  the  dual-element  transducer  (ref.  8)  that  an 
accuracy  from  ±6  to  ±20%  was  probable  in  measuring  subsonic  gas  temperatures  in  the  vicinity 
of  4900°F.  Attainment  of  the  lower  value  (±6%)  was  dependent  primarily  on  achieving  maximum 
accuracy  in  evaluating  the  derivatives,  tj'  and  t2 1 ,  and  the  time  constant  ratio,  K,  in  Eq  (6). 

The  maximum  accuracy  resulted  when  the  ratio,  K,  was  not  close  to  unity.  In  the  approxi¬ 
mate  range  0  <  K  <  0.5,  the  accuracy  of  the  transducer  was  no  longer  affected  by  changes  in 
the  time-constant  ratio. 

The  level  of  the  gas  temperature  did  not  appear  to  have  a  strong  effect  on  the  transducer 
accuracy.  In  fact,  decreased  accuracy  at  lower  temperatures  seemed  possible. 

EVALUATION  OF  THE  CONCEPT 

Experimental  Program 

The  purpose  of  the  present  contract  was  to  confirm  the  reliability  of  the  dual-element 
transducer  as  indicated  by  the  studies  of  the  preceding  contract.  The  bulk  of  the  laboratory 
investigation  was  performed  over  a  range  from  1500  to  2200°F,  using  an  oxyacetylene  appa¬ 
ratus  available  from  the  preceding  contract.  Additional  testing  was  performed  at  about 
5000°F  in  a  second  oxyacetylene  apparatus  available  at  ATL. 
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Design  of  the  Transducer 


The  general  design  of  the  transducer  shown  in  Figure  2  was  adopted  for  the  present  pro¬ 
gram.  Hollow  and  solid  Chromel/Alumel  thermocouples,  fabricated  from  butt-welded  cylinders, 
were  selected  as  thermoelements  because  of  the  availability,  reliability,  and  convenience  of 
the  materials  and  configuration. 

Three  separate  thermocouple  pairs  were  tested,  having  the  dimensions  shown  in  Table  I. 
Pairs  A  and  B  had  equal  convective  coefficients  at  the  surface  but  differing  values  of  K,  while 
the  reverse  was  true  for  pairs  A  and  C.  The  dimensions  shown  for  pair  C  represented  the 
minimum  hole  size  and  wall  thickness  readily  machinable  on  the  3/4-inch-long  thermocouple. 

The  thermocouple  pairs  were  fitted  with  Chromel  and  Alumel  leads,  alumina  insulators, 
and  a  stainless-steel  radiation  shield;  this  assembly  was  mounted  in  a  supporting  arm  made 
from  square,  stainless-steel  tubing  (refer  to  Figures  3,  4,  and  5).  The  radiation  shield  was 
fabricated  with  the  dimensions  0.  750-inch  OD  by  0.  010-inch  wall  by  2  inches  long.  This  length 
and  thickness  were  chosen  to  give  an  estimated  average  time  constant  of  2.  5  seconds  for  the 
shield,  resulting  in  a  thermal  response  midway  between  the  two  thermocouples  in  pairs  A  and 
B.  In  this  way  ,  the  radiant  condition  of  (ts  -  t)  =  0  in  the  development  of  Eq  (2)  was  approxi¬ 
mated. 

The  thermocouple  pairs  were  machined  from  butt-welded,  1/8 -inch  bar  stock  that  was 
certified  by  the  supplier  to  meet  ISA  special  limits  of  accuracy  (±3/8%  maximum  deviation 
from  NBS  tables  over  the  range  530  to  2300°F).  Because  of  the  machining  required,  the 
thermoelements  were  recalibrated  in  the  laboratory  against  laboratory  standards  after  machin¬ 
ing,  but  were  found  to  be  still  within  the  above  limits  of  accuracy. 

Additional  Apparatus 

The  mounting  arm  for  the  dual-element  transducer  was  connected  to  a  solenoid-actuated 
pneumatic  cylinder  (Figure  6).  The  velocity  of  injection  was  regulated  by  adjusting  the  pressure 
acting  on  the  cylinder.  In  this  way  it  was  possible  to  1)  inject  the  assembly  rapidly  to  the  center- 
line  of  the  gas  stream,  approximating  a  step  change  in  the  ambient  temperature  of  the  trans¬ 
ducer;  or  2)  move  the  assembly  through  the  stream  at  a  slower,  approximately  constant  velocity, 
exposing  the  transducer  to  the  temperature  variations  within  the  stream. 

The  standard,  or  "true"  temperature  of  the  gas  stream  was  obtained  with  the  reference 
thermocouple  shown  in  Figure  7.  Static  measurements  (usually  at  the  centerline  of  the  stream) 
were  made  after  the  reference  thermocouple  had  reached  steady  state.  This  thermocouple 
was  provided  with  triple  shielding  to  minimize  radiation  losses  to  the  surroundings.  The  gas- 
stream  temperature  was  obtained  from  reference-thermocouple  measurements  as  detailed  in 
Appendix  A. 

The  static  output  from  the  reference  thermocouple  was  obtained  from  a  Leeds  &  Northrup 
Model  8662  millivolt  potentiometer.  Temperature  histories  from  the  dual-element  transducer 
were  recorded  on  a  Minneapolis -Honeywell  Model  1108  "Visicorder,"  equipped  with  Kintel 
Model  112A  wideband  dc  amplifiers.  The  Visicorder  was  calibrated  against  the  L  &  N  potenti¬ 
ometer  before  each  test.  The  attenuation  of  the  thermocouple  outputs  was  adjusted  to  make 
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independent  of  heat  transfer  coefficient  and  properties  of  materials. 


A  cylindrical  Chromel/Alumel  thermocouple  with  lead  wires 
attached,  two  insulators,  and  a  radiation  shield  are  shown 
before  assembly. 


TRANSDUCER  COMPONENTS 
FIGURE  3 
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Chromel/Alumel  thermocouple  pair  is  shown 
installed  with  alumina  insulators.  Cover  is  removed 
from  right  side,  exposing  lead  wires  anchored  with 
alumina  cement. 


AXIAL  VIEW  OF  DUAL-ELEMENT  TRANSDUCER 
FIGURE  4 
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The  dual-element  transducer  is  shown  attached  to 
pneumatic  cylinder  for  rapid  injection  over  stream 
tube.  The  reference  thermocouple  is  shown  in  posi¬ 
tion  at  the  centerline  of  the  stream  tube.  The  stream 
tube  is  insulated  with  asbestos  lagging,  as  used  in 
testing  thermocouple  pairs  A  and  C. 


CLOSE-UP  VIEW  OF  TEST  STAND 
FIGURE  6 
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maximum  use  of  the  8-inch  chart  width  on  the  Visicorder,  giving  the  maximum  accuracy  in 
reducing  the  records  to  temperature  data. 

The  assembled  test  stand  is  shown  in  Figure  8,  with  the  heating  apparatus  used  for  test¬ 
ing  in  the  range  1500  to  2200°F.  A  close-up  view  of  the  oxyacetylene  apparatus  used  for 
testing  at  approximately  5000°F  is  shown  in  Figure  9. 

EXPERIMENTAL  RESULTS 

Verification  of  Time-Constant  Ratio 


As  mentioned  earlier,  analysis  of  the  probable  accuracy  of  the  transducer  (ref.  8)  indicated 
that  errors  in  the  value  of  K  have  a  strong  effect  on  the  accuracy  with  which  tg  can  be  computed 
from  Eq  (6).  It  was  therefore  considered  essential  to  determine  actual  values  of  K  experi¬ 
mentally,  for  comparison  with  the  predicted  values  in  Table  I. 


When  the  transducer  is  injected  into  the  stream  rapidly,  a  step  increase  in  the  ambient 
temperature  of  the  transducer  results.  This  condition  is  discussed  in  Appendix  B.  Eq  (B-2), 
which  applies,  can  be  rearranged  to  define  the  dimensionless  parameter,  0,  or 


0  = 


t  -  t. 
g  i 


=  1 


t  -  t. 

l 

t  -  t. 
g  i 


=  e 


-t/T 


(?) 


When  the  gas  temperature,  tg,  is  known  from  the  data,  the  experimental  temperature  data,  t, 
can  be  expressed  as  0,  which,  when  plotted  as  a  function  of  time  on  semi-log  paper,  should 
result  in  a  straight  line.  The  initial  (negative)  slope  of  this  line  is  the  inverse  of  the  time 
constant. 


Three  preliminary  runs  were  made  at  low  temperatures  with  thermocouple  pair  C ,  and 
the  data  were  reduced  to  plot  0  as  a  function  of  time.  The  data  from  Run  P-5  are  given  in 
Table  II  and  plotted  in  Figure  10.  The  results  of  the  three  tests  are  shown  in  Table  III;  the 
average  experimental  value,  K  =  0.  2905,  is  in  agreement  with  the  predicted  value  of  0.  290  in 
Table  I. 

It  was  subsequently  found  that  an  experimental  value  of  K  could  be  obtained  from  tests  in 
which  tg  was  not  known,  and  that  this  value  was  also  in  agreement  with  Table  I.  Consequently, 
separate  tests  for  the  determination  of  the  time-constant  ratio  were  not  made  on  thermocouple 
pairs  A  and  B. 

Gas-Temperature  Constant:  1500  to  2300°F 

A  number  of  tests  were  made  with  thermocouple  pairs  A,  B,  and  C  in  which  the  dual¬ 
element  transducer  was  rapidly  injected  into  the  centerline  of  the  stream  with  the  apparatus 
shown  in  Figure  6.  The  data  from  six  representative  tests  were  reduced  and  are  presented 
in  Tables  IV  through  IX. 

The  first  efforts  to  calculate  derivatives  from  these  data  were  based  on  tangents  drawn 
to  the  temperature  histories  plotted  on  rectangular  coordinates.  A  consistent  value  of  the 
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Dual-element  transducer  shown  connected  to  Visicorder ,  with  reference  thermo¬ 
couple  connected  to  potentiometer.  Insulation  removed  from  stream  tube,  as 
used  in  Runs  B-l  and  B-9. 


OVER-ALL  VIEW  OF  TEST  STAND 
FIGURE  8 
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2334 


TABLE  II 


EXPERIMENTAL  VERIFICATION  OF  TIME -CONSTANT  RATIO 
FOR  THERMOCOUPLE  PAIR  C 

PRELIMINARY  RUN  P-5 


Time 

‘l 

41  -  4i 

*1 

*2 

V4! 

*2 

‘f4! 

4f-4i 

(sec) 

(°F) 

(°F) 

0 

104 

0 

1.000 

113 

0 

1.000 

0.2 

265 

0.141 

0.859 

165 

0.047 

0.953 

0.4 

409 

0.267 

0.733 

208 

0.085 

0,915 

0.6 

524 

0.367 

0.633 

251 

0.124 

0.876 

0.8 

624 

0.454 

0.546 

296 

0.165 

0.835 

1.0 

714 

0.532 

0.468 

337 

0.202 

0.798 

1.5 

888 

0.685 

0.315 

422 

0.278 

0.722 

2.0 

991 

0.774 

0.226 

493 

0.342 

0.658 

2.5 

1051 

0.827 

0. 173 

563 

0.405 

0.595 

3.0 

1097 

0.868 

0.132 

619 

0.455 

0.545 

3.5 

1131 

0.898 

0.102 

675 

0.506 

0.494 

4.0 

1139 

0.904 

0.096 

722 

0.548 

0.452 

OO 

1250 

1.000 

0 

.1224 

1.000 

0 

TABLE  III 

COMPUTATION  OF  TIME  CONSTANTS 
FOR  THERMOCOUPLE  PAIR  C 

T1 

(sec) 

T2 

(sec) 

K  =  Tj/T2 

P-4 

1.398 

5.02 

0.278 

P-5 

1.321 

4.46 

0.296 

P-6 

1.259 

4.23 

0.297 

Avg. 

0.2905 
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EXPERIMENTAL  DATA  FROM  RUN  C-4 
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Correction  to  thermocouple  reading: 


EXPERIMENTAL  DATA  FROM  RUN  C-5 


I 


c i  -G 


19 


Probable  error  in  gas  temperature:.  =  ±  21. 2°F 
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EXPERIMENTAL  DATA  FROM  RUN  C-8 
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EXPERIMENTAL  DATA  FROM  RUN  A- 
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EXPERIMENTAL  DATA  FROM  RUN  B-l 
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Probable  error  in  gas  temperature:  At  =  ±49.  7”F 


stream  temperature  from  Eq  (6)  could  not  be  obtained  by  this  method;  in  a  preliminary  run 
with  pair  C,  random  fluctuations  in  tg  of  ±600°F  resulted  from  Eq  (6),  when  the  reference 
temperature  of  the  gas  stream  was  measured  at  1706°F.  It  was  apparent  from  these  large 
variations  that  an  improved  method  was  needed  for  evaluating  derivatives . 

A  more  systematic  method  for  computing  derivatives  from  the  temperature  data  is 
described  in  detail  in  Appendix  B.  This  method  involves  evaluation  of  the  temperature  in¬ 
crease  of  each  thermocouple  over  fixed  intervals  of  time.  It  has  two  definite  advantages: 

1)  The  temperature  increase  is  a  direct  exponential  function  of  time,  while  the  temper¬ 
ature  itself  is  not.  This  makes  it  possible  to  plot  the  increase  over  each  increment,  At  ,  as  a 
function  of  time  on  semi-log  paper  and  to  select  the  best  straight  line  for  the  data.  The  con¬ 
sistency  of  the  temperature  data  is  thereby  increased. 

2)  The  temperature  derivative  is  the  product  of  a  constant  and  the  temperature 
increase.  The  calculation  of  the  derivatives  is  therefore  very  simple. 

It  must  be  noted,  however,  that  this  method  of  calculating  derivatives  is  applicable  only 
when  the  dual-element  transducer  is  exposed  to  a  step  change  in  ambient  temperature  (i.e.  , 
when  it  is  rapidly  positioned  at  some  location  in  the  stream),  since  only  this  exposure  results 
in  a  simple  exponential  response. 

The  evaluation  of  derivatives  in  Tables  IV  through  IX  was  performed  by  the  above  method. 
The  temperature  of  the  gas  stream  was  calculated  from  Eq  (6),  and  the  reference  value  of  the 
stream  temperature  is  given  in  each  case.  A  sample  calculation  for  Run  C-8  is  carried  out 
in  detail  in  Appendix  C . 

Gas-Temperature  Constant:  5000°F 

The  dual-element  transducer  with  its  injection  assembly  was  moved  to  the  higher  tempera¬ 
ture  oxyacetylene  apparatus  shown  in  Figure  9.  The  flowmeters  on  the  supply  lines  were 
adjusted  to  supply  310  ft3/hr  (STP)  of  both  oxygen  and  acetylene  to  the  torch,  or  a  fuel-to- 
oxygen  ratio  of  1,  Observation  of  the  flame  indicated  that  both  mixing  and  combustion  were 
completed  about  2  inches  downstream  from  the  nozzle  tips.  Accordingly,  the  transducer  was 
positioned  with  the  thermocouples  directly  in  the  flame,  3|  inches  downstream  from  the  tips, 
and  with  the  centerline  of  the  shield  on  the  centerline  of  the  torch. 

Several  runs  were  made  in  which  the  transducer  was  rapidly  injected  and  withdrawn  from 
the  flame.  Runs  B-13  and  B-15  were  selected  for  reduction  because  the  settings  for  chart 
speed  and  signal  attenuation  on  the  Visicorder  appeared  the  most  satisfactory  from  the  records. 
The  data  from  these  two  runs  are  presented  in  Tables  X  and  XI,  and  the  temperature  records 
from  Run  B-15  are  shown  in  Figure  11.  The  calculation  of  the  flame  temperature  was  per¬ 
formed  as  described  in  Appendix  C. 

It  is  evident  that  the  static,  reference  thermocouple  could  not  be  used  for  a  comparative 
measurement  near  5000°F,  but  comparable  measurements  have  been  made  in  oxyacetylene 
flames  at  the  University  of  California  (ref.  7).  The  torch  at  the  University  was  identical  to 
that  used  by  ATL  and  the  flow  controls  were  similar.  Their  measurements  of  temperature, 
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EXPERIMENTAL  DATA  FROM  RUN  B-13 
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Extrapolated  from  semi  -  log  plot  of  derivatives. 


EXPERIMENTAL  DATA  FROM  RUN  B-15 
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Value  at  r  -  0.077  excluded. 


DUAL-ELEMENT  TRANSDUCER  RECORD  IN  5000°F  FLAME 
(DATA  FROM  TABLE  XI,  RUN  B-15) 


made  by  the  sodium-line-reversal  technique  at  locations  downstream  from  the  tip  and  at  a 
fuel-to-oxygen  ratio  of  1.  0,  are  shown  in  Figure  12,  where  they  are  compared  to  the  results 
obtained  in  Tables  X  and  XI. 

Measurement  of  Temperature  Distribution 

The  low-temperature  apparatus  shown  in  Figure  8  was  used  to  demonstrate  the  appli¬ 
cation  of  the  transducer  to  measurement  of  transient  temperatures.  A  traverse  of  half  the 
diameter  of  the  gas  stream  was  selected,  with  the  transducer  coming  to  rest  at  approximately 
the  centerline.  The  pressure  on  the  pneumatic  cylinder  was  adjusted  for  a  traverse  velocity 
of  approximately  1.8  in. /sec,  since  this  resulted  in  a  maximum  thermocouple  temperature  of 
about  1200°F  at  the  centerline.  Radiation  losses  were  thus  minimized  throughout  the  traverse. 

The  motion  of  the  transducer  was  found  to  be  approximately  linear  over  the  region  of 
primary  interest,  i.e.  ,  the  region  of  maximum  temperature  change  near  the  wall.  To  establish 
the  relation  of  position  and  time  to  the  temperature  of  the  thermocouples,  the  shaft  on  a  linear 
potentiometer  was  attached  to  the  transducer  arm.  With  a  second  resistor  and  a  battery  in 
series,  the  voltage  drop  across  the  potentiometer  was  statically  calibrated  as  a  function  of 
transducer  position.  After  calibration,  the  transient  voltage  drop  was  recorded  simultane¬ 
ously  with  the  thermocouple  outputs  on  the  Visicorder. 

Table  Xlla  contains  the  data  from  Run  B-9.  The  data  from  the  two  thermocouples  were 
reduced  as  a  function  of  true  time  indicated  on  the  Visicorder  record.  By  evaluating  tempera¬ 
ture  increases  over  time  increments  of  0.2  second,  it  was  found  that  the  hollow  and  solid 
thermocouples  entered  a  region  of  approximately  constant  gas  temperature  at  about  1.  3  and 
1.7  seconds,  respectively.  This  was  indicated  by  a  transition  from  nonlinearity  to  linearity 
when  the  temperature  increases  were  plotted  on  semi-log  paper.  Beyond  this  time,  deriva¬ 
tives  were  evaluated  according  to  the  constant-temperature  method  in  Appendix  C. 

The  derivatives  during  the  earlier  time  of  changing  temperature  were  evaluated  from 
tangents  drawn  to  the  temperature  records  plotted  on  rectangular  coordinates.  The  slope 
method  proved  satisfactory  in  this  case  because  the  slopes  changed  rapidly  in  this  region. 

The  centerlines  of  the  two  thermocouples  (ref.  Figure  4)  are  £  inch  apart.  From  the 
position  record,  it  was  determined  that  the  hollow  thermocouple  preceded  the  solid  thermo¬ 
couple  by  0. 14  second  in  the  region  of  changing  temperature.  Accordingly,  the  data  from  the 
solid  thermocouple  in  Table  Xlla  were  displaced  to  coincide  with  the  position  of  the  hollow 
thermocouple,  and  the  gas  temperatures  were  calculated  from  Eq  (6).  The  results  are 
shown  in  Figure  13. 

Static  measurements  of  the  stream  temperature  were  made  with  the  reference  thermo¬ 
couple  at  a  number  of  points  across  the  radius  before  the  transducer  traverse  was  made. 

After  the  traverse,  an  additional  reference  measurement  was  made  at  the  centerline.  These 
results  are  shown  in  Table  Xllb,  and  it  is  noted  that  the  stream  temperature  apparently  de¬ 
creased  180°F  between  reference  measurements. 

A  Chromel/Alumel  thermocouple  was  peened  to  the  inside  wall  at  the  upstream  end  of  the 
pipe  to  further  define  the  temperature  distribution. 
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O  MEASUREMENTS  FROM  REF.  7 
□  MEASUREMENTS  FROM  TABLES  X  AND  XI 


2  3  4  5  6 

Distance  Downstream  from  Torch  -  in. 

TEMPERATURE  IN  OXYACETYLENE  FLAME 
DOWNSTREAM  FROM  30-TIP  TORCH 


FIGURE  12 


(concluded) 
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t  Evaluated  from  tangents  drawn  to  temperature  history. 
+  +  Evaluated  by  interpolation  from  preceding  data. 


DISCUSSION  OF  RESULTS 


Steady  Measurements 

A  summary  of  the  results  obtained  with  the  dual-element  transducer  in  measuring  steady 
gas  temperatures  is  given  in  Table  XIII.  The  accuracy  was  within  ±6%  for  measurements 
between  1950  and  2250°F.  The  error  increased  to  ±15%  in  measuring  gas  temperatures  in 
the  region  of  1500°F. 

These  values  agree  closely  with  the  experimental  accuracy  predicted  in  the  preceding 
analytical  study  (ref.  8).  It  is  believed  that  agreement  within  ±6%  of  the  standard  tempera¬ 
ture  was  made  possible  by  the  systematic  method  of  calculating  derivatives,  a  fact  which  was 
also  predicted  by  the  previous  study. 

The  increasing  error  at  1500°F  resulted  primarily  from  the  design  of  the  transducer.  The 
response  of  the  thermocouples  was  slow,  making  the  calculation  of  derivatives  difficult  even 
with  the  method  outlined  in  Appendix  C .  It  is  believed  that  the  accuracy  could  have  been  im¬ 
proved  by  using  faster  responding  thermoelements;  the  region  of  1500°F,  however,  was  not  of 
primary  interest  in  this  program. 

It  was  noted  in  reducing  the  data  that  thermocouple  pairs  A  and  C  produced  more  consistent 
results  than  did  pair  B.  This,  of  course,  results  from  the  greater  difference  in  time  constants, 
T-l  and  T£,  in  pairs  A  and  C.  The  ratio  of  the  derivatives,  tj '/t2 ' ,  in  Eq  (6)  is  directly  related 
to  the  ratio,  K  =  T1/T2i  the  calculation  was  improved  when  the  derivative  ratio  was  larger. 

The  results  of  the  measurements  at  4700°F  are  considered  excellent,  both  in  the  con¬ 
sistency  of  the  transducer  measurements  and  in  the  agreement  of  the  measurements  with 
published  values.  It  is  noted  that  the  transducer  accuracy  falls  within  the  ±6%  that  character¬ 
ized  the  measurements  from  1950  to  2250°F.  The  difference  between  the  measurements  at  ATL 
and  the  published  measurements  by  the  sodium-line-reversal  technique  (ref.  7)  are  probably 
within  the  accuracy  of  the  latter  method. 

It  is  especially  important  to  note  the  fact  illustrated  in  Figure  11.  An  excellent  tempera¬ 
ture  measurement  was  made  in  a  4700°F  flame  from  a  record  only  0.46  second  long,  in  which 
the  temperature  of  the  thermoelements  did  not  exceed  1500°F.  This  fact  alone  demonstrates 
the  power  of  the  dual-element  concept. 

Again  the  responses  of  the  particular  thermocouples  created  some  difficulty.  It  is  believed 
that  better  data  in  the  region  of  5000°F  would  result  through  the  use  of  thermocouples  with  both 
higher  individual  time  constants  (i.e.  ,  slower  response)  and  more  widely  separated  time  con¬ 
stants  (i.  e. ,  a  value  for  K  of  about  0.  3). 

An  additional  problem  will  be  noted  in  the  data  in  Tables  X  and  XI.  The  calculated  gas 
temperature  appeared  to  decrease  with  time,  although  the  consistency  of  the  derivatives  in¬ 
dicated  that  the  measured  gas  temperature  remained  constant.  This  problem  is  believed  to  be 
related  to  the  poor  agreement  in  the  initial  temperatures  of  the  two  thermocouples,  but 
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TABLE  XIII 


SUMMARY  OF  RESULTS  WITH  DUAL-ELEMENT  TRANSDUCER 

*  ** 


Run 

Reference 

Temperature 

<°F) 

Probable  Error 
in  Reference 
Temperature 
<%) 

Temperature 
from  Dual-Element 

Transducer 

<°F> 

Transducer 

Accuracy 

(%) 

C-4 

1522 

±1.05 

1365 

-10.  3 

C-5 

1585 

±  1.  34 

1354 

-14.5 

C-7 

1959 

±1.72 

1876 

-  4.2 

C-8 

2248 

±2.32 

2258 

+  0.45 

A-5 

2101 

±2.14 

2099 

-  0.01 

B-l 

2193 

±  2.  27 

2124 

-  3.  1 

B-9* 

2174 

±2.29 

2050 

-  5.7 

B-13 

4940* * 

±3.0* 

4700 

-  4.9 

B-15 

4940** 

±3.0* 

4789 

-  3.1 

*  From  reference  thermocouple,  except  Runs  B-13  and  B-15. 

**  Based  on  reference  temperature  as  standard, 
t  At  centerline. 

1 1  From  ref.'  7,  as  shown  in  Figure  12. 
t  As  estimated  in  ref.  7. 
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sufficient  time  did  not  remain  in  the  program  to  explore  the  matter  fully.  Again  this  problem 
was  a  matter  of  equipment  design;  the  transducer  could  not  be  completely  retracted  from  the 
region  influenced  by  the  flame . 

Transient  Measurements 

The  transient  measurement  in  Figure  13  shows  encouraging  agreement  with  the  probable 
reference  values.  The  agreement  within  6%  at  the  centerline  agrees  with  the  centerline 
accuracy  in  previous  measurements. 

The  derivatives  in  the  region  of  changing  temperature  could  not  be  calculated  by  the  method 
in  Appendix  C.  The  slope  method  proved  satisfactory  in  this  case,  however,  because  the  slopes 
changed  rapidly  in  this  region.  Satisfactory  accuracy  was  obtained  to  demonstrate  the  applica¬ 
bility  of  the  dual -element  transducer  in  measuring  transient  temperatures. 

There  was,  however,  considerable  ambiguity  in  establishing  the  true  distribution  through 
the  stream.  It  is  believed  that  the  rather  massive  reference  thermocouple  did  not  make  an 
adequate  measurement  near  the  wall  for  two  reasons:  1)  the  outside  diameter  of  1  inch  makes 
a  point  measurement  impossible  in  a  region  with  a  large  temperature  gradient,  and  2)  the  system 
of  shield  tended  to  conduct  heat  from  the  hotter  region  and  influence  the  primary  thermocouple. 
The  wall  thermocouple  has  been  given  greater  credence  in  Figure  13,  although  this  value  too 
may  be  dubious . 

While  the  distribution  calculated  from  the  transducer  appears  reasonable,  it  is  evident 
that  more  definitive  work  is  needed  in  this  area.  Further  effort  is  necessary  in  developing  an 
accurate  method  of  evaluating  derivatives  in  regions  of  changing  temperature.  In  this  instance 
particularly,  coupling  the  dual-element  transducer  with  digital  or  analog  computation  of  de¬ 
rivatives  would  be  advantageous. 
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III.  CONCLUSIONS  AND  RECOMMENDATIONS 


Experimental  evaluation  of  the  dual-element  transducer  has  indicated  accuracies  well 
within  ±6%  in  measuring  constant  gas -stream  temperatures  in  the  range  1950  to  2250°F. 

This  is  the  maximum  accuracy  predicted  in  an  earlier  study  (ref.  8),  and  is  made  possible 
by  an  accurate  method  developed  for  determining  temperature  derivatives.  It  is  concluded 
that  the  feasibility  of  the  concept  has  been  demonstrated. 

Measurements  with  the  transducer  in  an  oxyacetylene  flame  near  5000°F  have  demonstrated 
the  feasibility  of  that  application  also.  This  temperature  was  evaluated  from  records  in  which 
the  temperature  of  the  thermoelements  did  not  exceed  1500°F.  The  accuracy  of  the  measure¬ 
ment  appeared  to  be  within  the  accuracy  of  values  published  elsewhere  (ref.  7). 

Limited  experimental  work  has  demonstrated  the  probability  of  using  the  dual-element 
transducer  to  measure  temperature  variations  within  a  gas  stream  at  about  2000°F.  Again, 
the  profile  measured  by  the  transducer  appeared  to  be  within  the  accuracy  to  which  the  actual 
profile  was  established. 

It  is  strongly  recommended  that  the  evaluation  and  development  of  the  dual -element  trans¬ 
ducer  be  continued.  The  results  indicate  that,  with  minor  design  changes,  the  transducer  in 
its  present  state  of  development  can  be  applied  to  the  measurement  of  steady  temperatures  of 
the  order  of  5000°F.  Evaluation  of  this  application  should  be  continued. 

Additional  evaluation  of  the  transducer  in  measuring  transient  temperatures  is  needed. 
Coupling  the  transducer  with  data  handling  by  either  digital  or  analog  computation  is  particu¬ 
larly  attractive  in  this  application,  to  bring  the  results  to  their  maximum  accuracy. 

Finally,  based  on  the  extremely  encouraging  results  of  this  program,  it  is  recommended 
that  evaluation  of  the  dual-element  transducer  in  measuring  the  ultra-high  temperatures  of 
plasma  states  be  undertaken. 
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V.  APPENDIX  A 


REFERENCE  TEMPERATURE  OF  GAS  STREAM 
THE  REFERENCE  THERMOCOUPLE 


The  reference  thermocouple  was  used  for  static  measurements  of  the  gas  stream.  The 
primary  thermocouple  was  positioned  at  the  center  of  three  2-inch-long  stainless-steel  shields 
with  outside  diameters  by  wall  thicknesses  of  1.  000  by  0.  049,  0.  688  by  0.  035,  and  0.  375  by 
0.  035  inch.  Two  additional  thermocouples  were  spot -welded  to  the  inner  shield.  All  thermo¬ 
couples  were  made  from  10-mil  Chromel/Alumel  thermocouple  wire  certified  by  the  supplier 
to  meet  ISA  special  limits  of  error  (±3/8%  maximum  deviation  from  NBS  tables  over  the  range 
530  to  2300°F). 

The  triple  shielding  was  designed  to  minimize  the  radiation  loss  from  the  reference  thermo¬ 
couple,  since  this  loss  results  in  a  depression  of  the  thermocouple  temperature  below  the  true 
temperature  of  the  gas  stream.  The  depression  was  not  completely  eliminated,  however,  mak¬ 
ing  it  necessary  to  estimate  the  difference  between  the  true  gas  temperature  and  the  measured 
thermocouple  temperature. 

DETERMINATION  OF  THE  GAS -STREAM  TEMPERATURE 


Assuming  that  the  reference  thermocouple  radiates  heat  primarily  to  the  inner  shield,  a 
heat  balance  on  the  thermocouple  is: 


=  t  + 
g 


ctF 

h 


4  4 

(T  -  T  ). 
o  s 


(A— 1) 


The  geometrical  factor  of  the  thermocouple  with  respect  to  the  shield  is  F'  =0.93  (cal¬ 
culated  as  that  portion  of  the  radiation  emitted  by  the  thermocouple  that  is  intercepted  by  the 
shield).  Again  assuming  the  inner  shield  primarily  influences  the  thermocouple,  the  combined 
geometrical  and  emissivity  factor  from  the  blackened  thermocouple  is  (ref.  4): 


F  = 


_ 1 _ 

i/F'os-U-Veo) 


0.888, 


(A -2) 


where  the  value  e 

o 


=  0.95  is  representative  of  oxidized  Nichrome  wire  (ref.  5). 


The  thermocouple  can  be  represented  adequately  for  convection  calculations  as  a  small 
cylinder  normal  to  the  gas  stream;  therefore,  for  air  with  40  <  N  <  4000  (ref.  6), 

XvC 


h  = 


(A— 3) 


with  the  constant  (ref.  6)  B  =  0.  615. 


Data  on  the  high-temperature  properties. of  air  can  be  correlated  in  the  range  1500  <  T 
<  2700°R  by  (ref.  3): 
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and 


(A -4) 


kf  =  4.46  x  10'4  Tf°‘  59 


vf  =  0.798  Tf 


0.741 


(A-5) 


and  these  values  also  approximate  those  for  O  ,  CO,  CO  ,  N  ,  and  water  vapor  (ref.  3). 

Z.  Z  Z 

Substituting  the  above  values,  and  the  relationship  u  =  3600V,  the  equation  for  the  gas 
temperature  becomes 


0.151  ,0.  534 

aFTf  d  4  4 

V  =  to  +  0-396  “^Oii -  (T0  "Ts  )• 


(A-6) 


Since  the  dependence  of  on  Tg  implies  a  trial-and-error  solution  of  Eq  (A-6),  the  approxi¬ 
mation  is  made  that  Tf  =  1.  03  T0  ±3%. 

The  velocity  of  the  hot  stream  was  based  on  wind-gage  measurements  of  the  gas  flowing 
from  the  unlighted  torch,  corrected  for  expansion  due  to  heating. 

ACCURACY  OF  THE  GAS-STREAM  TEMPERATURE 

The  probable  deviation  in  computing  the  correction  (tg  -  tQ)  is  defined  by  (ref.  2): 


A(tg-v=  *y  ? 


9  <t  - 1 ) 


.  9x. 

l  l 


(A-7) 


where  xi  represents  the  seven  "variables"  in  Eq  (A-6).  Evaluating  the  partial  derivatives, 
the  percentage  deviation  in  the  correction  is  defined  by 


A(t  -  tQ) 


(t  -  t  ) 

g  o 


1  -  (T  /T  ) 
s  o 


(T  /T  )  -  1 
o  s 


~^12  +  L^T  +  L34 

LfJ  Tf  LI  dj 

_  ~i  2  r  ,  ~i  2 

—  +  0.466 

L  B  J  L  v  J 


(A -8) 


The  probable  deviation  in  the  computed  gas -stream  temperature  is 


At  =  ± 

g 


'\f  At  +  A(t  -  t  ) 

V  L  °J  L  s  °  _ 
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The  following  deviations  in  the  variables  are  representative: 


1)  ATQ  =  ±0.  00375  t0  and  Ts  =  ±0.  00375  t8,  representing  the  limits  of  accuracy  of 
the  thermocouple  wire  specified  by  the  supplier. 

2)  AF  =  ±0.05. 

3)  AT,  =  ±0.  03T,  =  ±0.  031T  . 

f  f  o 

4)  Ad  =  ±0.  001  inch,  when  d  =  0.  020  inch. 

5)  AB  =  ±0.  30B,  representing  a  deviation  in  the  data  from  a  number  of  investigators 
of  approximately  ±30%  from  the  mean  convection  relationship  expressed  by 

Eq  (A- 3)  (ref.  6). 

6)  AV  =  ±0. 20V. 


Using  typical  data  from  Run  C-8  (T  =  2549°R,  T  =  2316°R,  and  V  =  110  ft/ sec): 

o  s 


A(t  -  t  ) 

_ 2_ 


(t 


t  ) 

o 


=  ± 


V 


(14.  7  +  6.  57  +  25.0  +  0.21  +  7.11  +  900  +  86.8)  X  10 
=  ±0.323, 


-4 


(A-10) 


where  the  terms  are  given  in  the  same  order  as  in  Eq  (A-8).  The  error  from  the  assumption 
for  Tf  is  negligible.  The  uncertainty  in  the  convection  coefficient  (represented  by  AB)  ob¬ 
scures  all  other  errors,  indicating  that  further  refinement  in  such  measurements  as  V  was 
unwarranted. 


-3  -8  24 

When  the  values  B  =  0.  615,  d  =  1.  67  x  10  ft,  F  =  0.  888,  a  =  0. 1713  x  10  Btu/hr-ft  -°R  , 

and  Tj  =  1.  03To  are  substituted  into  Eq  (A-6),  the  correction  to  the  reference-thermocouple 

measurement  can  be  estimated  from 


-8 

(t  -  t  )  =  32.  3x  10 
g  o' 


0.131 


0.466 


(A-ll) 
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VI.  APPENDIX  B 


CALCULATION  OF  DERIVATIVES 
FOR  CONSTANT  GAS  TEMPERATURE 


ANALYSIS 


In  most  of  the  experimental  work,  the  dual-element  transducer  was  rapidly  injected  into 
the  centerline  of  the  gas  stream.  In  other  words,  for  t  >  0,  the  gas-stream  temperature  was 
constant.  Eq  (1)  or  (2)  can  be  integrated  for  this  condition,  yielding 


(tg-  t)  =  -—  +C, 

where  T  =  Wc/hA.  The  constant,  C,  is  determined  by  noting  that  t  =  t.  at  t  =0,  or 


(B— 1 ) 


t  =  t  -  (t  -  t.)  e 
g  g  i 


The  derivative  is 


(B-2) 


t'  =-~-  (t  -  t.)  e"T/T 
T  g  i' 


(B-3) 


The  derivatives  were  evaluated  for  this  case  of  constant  gas-stream  temperature  by  a 
method  represented  in  Figure  B-l.  The  thermocouple  temperature  was  evaluated  from  the 
experimental  data  at  constant  time  increments,  At  .  The  time.r  ,  represents  the  point  at 
which  the  derivative  is  to  be  evaluated;  the  temperatures  one  increment  back  (t  )  and  one 
increment  forward  (t+)  are  also  used. 


From  Eq  (B-2), 


-(r-AT  )/T 


t  =t  -(t  -  t.)  e  ,/A  . 

"  g  g  i 

The  differences  (t  -  t  )  and  (t+  -  t)  are: 

(t  -  t_)  =  <tg  -  t.)  e~T/T  (eAT/T  -  1)  . 

(t+  -  t)  =  <tg  -  t.)  e"T/T  (1  -  e"AT/T)  . 

The  ratio  of  these  differences  (defined  as  R)  is: 
t-t  at/T  , 


V4 


_  -  1  _  At/T 

-At/T  6 


(B-4) 


(B-5) 


(B-7) 


Substituting  Eq  (B-5)  and  Eq  (B-7)  into  Eq  (B-3),  the  derivative  is  given  by: 

t'  =  - ^-5 —  (t  _  t  ) 

AT  (R  -  I)  (  ' 


(B-8) 
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(t-At)  ■%  (t+At) 
Time,  t 


EVALUATION  OF  TEMPERATURE  DATA 
AT  CONSTANT  TIME  INCREMENTS,  At 


FIGURE  B-l 


DATA -REDUCTION  METHOD 


The  following  points  can  be  noted  in  the  foregoing  analysis: 

1)  The  value  of  At/T  is  constant  for  any  given  thermocouple. 

2)  The  difference  (t  -  t_)  is  an  exponential  function  of  time  (since  At/T  is  constant) 
during  the  interval  in  which  Eq  (B-2)  applies.  The  differences  (t  -  t_)  can  there¬ 
fore  be  plotted  versus  time  on  semi-log  paper  and  faired  to  the  best  straight  line. 

3)  The  differences  (t+  -  t)  have  the  same  numerical  values  as  (t  -  t_),  displaced  one 
interval.  At  ,  since  they  are  evaluated  from  the  same  data. 

4)  The  ratio  R  =  (t  -  t_)/(t+  -  t)  is  a  constant  as  long  as  Eq  (B-2)  applies. 

5)  The  derivative  (t1)  in  Eq  (B-8)  is  the  product  of  a  constant  and  the  difference 
(t  -  t_). 


This  method  has  been  followed  in  reducing  the  data  included  in  this  report.  In  computing 
the  derivatives,  the  mean  value  of  the  constant,  R,  has  been  used  in  Eq  (B-8). 


VII.  APPENDIX  C 


CALCULATION  PROCEDURE  FOR  RUN  C-8 
DUAL-ELEMENT  TRANSDUCER 

The  temperature  histories  for  Run  C-8  are  shown  in  Table  VII  as  obtained  from  Visi- 
corder  records.  The  temperature  differences,  (t  -  t_),  are  computed  from  the  experimental 
data  and  plotted  in  Figures  C-l  and  C-2.  The  interval  of  the  subtraction,  at  ,  was  varied  in 
this  set  of  data,  and  it  was  noted  that  the  consistency  of  the  temperature  differences  increases 
as  the  interval  increases. 

An  interval  of  0.  3  second  was  selected  for  further  calculation.  The  best  straight  line  was 
drawn  through  the  plotted  points ,  and  the  temperature  differences  were  adjusted  accordingly 
in  Table  VII.  When  the  constant  ratio,  R  =  (t  -  t_)/(t+  -  t),  was  evaluated  and  averaged  for 
each  thermocouple,  the  derivatives  were  computed  from  Eq  (B-8)  for  At  =  0.  3  second.  The 
derivatives  were  also  plotted  in  Figures  C-l  and  C-2  and  were  extrapolated  to  t  =0. 

It  will  be  noted  from  Eq  (B-3)  that  the  ratio  of  the  temperature  derivatives  of  the  two 
thermocouples  should  equal  the  time-constant  ratio  initially,  or 

t2,/tl'  =  Tl/T2  =  K  at  T  =  °-  (C-l) 

This  ratio  has  a  value  of  0.  292  for  Run  C-8,  which  agrees  with  the  predicted  value  in  Table  I. 
The  gas-stream  temperature  is  calculated  from  Eq  (6)  in  Table  VII,  using  K  =  0.  292;  the 
average  value  is  tg  =  2258°F. 

It  will  be  noted  that  the  data  points  for  the  hollow  and  solid  thermocouples  begin  to  de¬ 
viate  from  the  best  straight  lines  at  about  0.  7  and  1.  9  seconds,  respectively.  The  deviations, 

however,  occur  in  opposite  directions  because  of  the  design  of  the  transducer.  Since  the 
thickness  of  the  radiation  shield  was  chosen  to  make  its  thermal  response  midway  between 
that  of  the  two  thermocouples,  it  can  be  assumed  that  the  hollow,  or  faster  responding  thermo¬ 
couple  is  losing  heat  to  the  radiation  shield  while  the  solid,  slower  responding  thermocouple  is 
gaining  heat  from  the  shield. 

REFERENCE  THERMOCOUPLE 

The  reference  value  of  the  gas  temperature  at  the  centerline  of  the  stream  was  calculated, 
using  the  values  T0  =  2549°R,  Tg  =  2316°R,  and  V  =  110  ft/sec  from  Table  VII,  as  follows: 

(t  -  t  )  =  159. 2°F  (A-ll) 

g  o 

t  =  2248. 2°F 

g 

A  (t  -t)  =  ±  51. 5°F  (A- 10) 

g  o 
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At 

g 

=  ±  52. 1°F 

(A-9) 

At  /t 
g  g 

=  ±  2.31% 

The  average  temperature  evaluated  from  the  dual-element  transducer  was  2258°F,  repre¬ 
senting  a  deviation  of  +10°F  or  +0. 45%  from  the  reference  value  of  2248. 2°F;  this  deviation  is 
less  than  the  estimated  error  of  the  reference  measurement  itself. 
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Temperature  Derivative, 
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